Background 24 DNA mismatch repair (MMR) safeguards genome stability by correcting errors made 25 during DNA replication. In vitro evidence indicates that the MMR machinery is recruited to 26 chromatin via H3K36me3, a histone mark enriched in 3¢ exons of genes and associated 27 with transcriptional activity. To dissect how replication errors, abundance of H3K36me3 28 and MMR together shape the mutational landscape in normal mammalian cells, we applied 29 single-cell exome sequencing to thymic T cells isolated from MMR-proficient (Mlh1 +/+ ) and 30 MMR-deficient (Mlh1 -/-) mice. 31
6
Mlh1 -/cells provide a unique opportunity to reveal which chromosomal regions represent a 122 particular challenge to the fidelity of the replication machinery, as any errors that are 123 introduced will remain uncorrected by MMR. To identify such regions, we analyzed 124 mutation frequencies in 1 Mb windows across single cell exomes. On a megabase-scale, 125 local mutational frequencies were highly heterogeneous. The majority of the high mutation 126
frequency peaks originated only from single T cells, and mutational hotspot windows 127 shared between individual cells were sparse (Fig. 2D ). To establish whether any genes 128 would emerge as MMR-dependent mutational hotspots, we scored all genes for mutations 129 and asked which ones were mutated frequently in Mlh1 -/-T cells (in more than 5 Mlh1 -/-130 cells). Two genes, Huwe1 and Mcm7, stood out with their high mutational frequencies, 131 exclusive to Mlh1 -/single cell exomes ( Fig. 2E) . Huwe1 encodes an E3 ubiquitin ligase, 132
shown to regulate hematopoietic stem cell self-renewal and proliferation, and commitment 133 to the lymphoid lineage (23). Mcm7 encodes a component of the MCM2-7 complex that 134 forms the core of the replicative helicase, responsible for unwinding DNA ahead of the 135 replication fork (24). However, only Mcm7 possessed potentially deleterious mutations in 136 our data set ( Fig. 2E) . Both genes are positive for RNA polymerase 2 and H3K36me3 in 137 the mouse thymus and expressed from hematopoietic stem cells all the way to thymic T 138 cells ( Fig. 2E, Fig. S3A-B) . 139
140
We then compared the mutational hotspots in Mlh1 +/+ and Mlh1 -/normal T cells (this 141 study) and with those in Mlh1 -/-T cell lymphomas (16). Only one shared mutational hotspot 142 gene was found: Ttn, a massive gene with 324 exons, was mutated in both Mlh1 -/and 143 Mlh1 +/+ single cell exomes (Fig 2E) . We did not identify any mutations in Ikzf1, previously 144 reported as a mutational target gene in Mlh1-deficient T cell lymphomas (16, 25) . 145 7 Other identified hotspot genes (Gm7361, Vps13c, Gm37013, Gm38667, Gm38666) were 147 mutated in both Mlh1 -/and Mlh1 +/+ T cells, and thus were not specific for Mlh1-deficiency. 148
All except Vps13c were negative or inconclusive for the presence of H3K36me3 and RNA 149 polymerase 2, suggesting that these genes are not transcribed in mouse thymus ( Fig. 2E,  150   Fig. S3A ). Gm37013, Gm38667 and Gm38666 are predicted genes and they physically 151 overlap with each other on chromosome 18 ( Fig. S3A) , which explains their identical 152 mutational pattern. 153 154
Insertions and deletions accumulate differently within repeats in Mlh1 +/+ and Mlh1 -/-155

T cells 156
Next, we analyzed the size distribution of detected indels in single cell exomes. Mlh1 +/+ 157 cells had more 1-nucleotide (nt) insertions than deletions, while this difference in Mlh1 -/-T 158 cells was evened out by increased 1-nt deletions (O.R = 1.794, 95% CI = 1.531-2.101, p = 159 1.134x10 -13 , Fig. 3A) . The same trend for 1-nt insertions as the dominant indel type in 160 Mlh1 +/+ cells was observed in bulk T cell DNA samples from the same mice ( Fig. S4) . 161
162
We then analyzed the sequence context of the detected indels. As expected, most 163 deletions in Mlh1 -/cells occurred at mononucleotide microsatellites, while in Mlh1 +/+ cells, 164 most deletions were found in non-microsatellite sequences (Fig. 3B) . When deletion 165 counts were corrected for the number of base pairs of either microsatellite or non-166 microsatellite sequences, deletion frequencies were higher in microsatellites than in non-167 microsatellite sequences, regardless of MMR status (Fig. 3C) . This underscores the well-168 documented intrinsic propensity of microsatellites to slippage during replication. As 169 expected, Mlh1 -/cells had significantly higher deletion frequencies in microsatellite 170 sequences compared to Mlh1 +/+ cells (p = 9.505x10 -13 , Fig. 3C , Table S1 ). Insertion 8 frequencies within repeats were more similar between Mlh1 -/and Mlh1 +/+ T cells, occurring 172 especially in mononucleotide repeats ( Fig. 3D) . Mlh1 -/cells had slightly higher insertion 173 frequencies in the context of microsatellite sequences (p =0.039, Fig. 3E , Table S1 ). 174 175
Exons show a decreased burden of MMR-dependent mutations 176
Exome sequencing, despite its name, not only captures exons, but also exon-adjacent, 177 non-coding regions ( Fig. 1) (26) . This enabled us to ask whether de novo mutations 178 accumulate differently in these two functionally distinct genic regions (exonic versus non-179 coding) in Mlh1 -/and Mlh1 +/+ cells. 180
181
No significant difference in SNV frequencies or insertions was observed in either exonic or 182 non-coding regions in Mlh1 -/cells compared to Mlh1 +/+ cells ( Fig. 4A-B) . In contrast, 183 deletions frequencies increased in Mlh1 -/cells in non-coding regions compared to Mlh1 +/+ 184 cells (p = 9.94x10 -5 , Fig. 4C , Table S1 ). Exonic deletion frequencies in Mlh1 -/cells did not 185 differ from those observed in Mlh1 +/+ cells ( Fig. 4C) , indicating that in the absence of 186 functional MMR, the integrity of coding regions is still maintained, likely by purifying 187 selection, as for MMR-deficient tumors by Kim et al., 2013. In conclusion, MMR-dependent 188 mutations increased more in non-coding regions adjacent to exons, as compared to exons 189 themselves. 190 191
H3K36me3-enriched regions are depleted of MMR-dependent mutations 192
Results from large tumor data sets strongly indicate that exons have a decreased mutation 193 burden due to H3K36me3-mediated MMR (10), but evidence of this in normal cells and 194 tissues in vivo is still lacking. To assess whether replication errors in transcribed genes are 195 buffered by MMR by virtue of their H3K36me3 enrichment, we first analyzed H3K36me3 9 abundance in RNA polymerase 2 (RNApol2)-positive (RNApol2 + ) and -negative (RNApol2 -197 ) genes in thymus using publicly available ChIP-seq data (27, 28) . Presence of RNA 198 polymerase 2 in the promoter region is a strong indicator of transcriptional activity (29). 199
H3K36me3 levels in RNApol2 + regions were higher than in RNApol2regions and peaked 200 at the centers of these regions ( Fig. 5A) , confirming that H3K36me3 is associated with 201 transcriptional activity also in mouse thymus. However, not all RNApol2 + genes were 202 positive for H3K36me3. Approximately 65% of RNApol2 + genes were also positive for 203
H3K36me3, whereas 80% of H3K36me3 positive (H3K36me3 + ) genes were positive for 204 RNApol2 (Fig. 5B) . 205
206
We analyzed how small deletions (that is, MMR-dependent mutations) were distributed to 207 exons and non-coding regions based on either RNApol2 or H3K36me3 status of genes. 208
The proportion of exonic deletions over non-coding deletions was decreased in 209
H3K36me3 + genes compared to H3K36me3-negative (H3K36me3 -) genes in Mlh1 +/+ (p = 210 0.018, OR = 0.44, 95% CI = 0.198-0.906), but not in Mlh1 -/-T cells (p = 1, OR = 0.972, 211 95% CI = 0.542-1.694, Fig. 5C ). Lower exonic deletion burden in RNApol2 + genes was 212 also observed in Mlh1 +/+ cells ( Fig. 5D ), similar to H3K36me3 + genes (p = 0.062, OR = 213 0.528, 95% C1 = 0.250-1.060, Fig. 5C ). The similar trends are not surprising, given the 214 overlap between RNApol2 + and H3K36me3 + genes (Fig. 5B) . These results strongly 215 support H3K36me3-guided, MMR-dependent protection of exons against genetic 216
alterations. 217 218
The H3K36me3 mark is less abundant in 5¢ exons, compared to 3¢ exons of genes (6, 10). 219
To test whether local H3K36me3 levels affect the intra-genic distribution of mutations 220 within genes, we compared deletion frequencies in 1 st and 2 nd exons (from here on 221 referred to as 5¢ exons) with those in 3 rd to last exons (from here on referred to as 3¢ 222 exons), both in RNApol2 + and RNApol2genes. In RNApol2 + genes, H3K36me3 signal 223 increased in 3¢ exons compared to 5¢ exons (d = 0.335, Fig. 5E ), whereas in RNApol2 -224 genes, there was no difference in H3K36me3 levels between 3¢ and 5¢ exons (d = 0.002, 225 Table S1 ). In RNApol2 + genes, Mlh1 -/cells had higher deletion frequencies in 3¢ 226 exons (high in H3K36me3) compared to Mlh1 +/+ cells (p = 4.57x10 -5 , Fig. 5E , Table S1 ). In 227 5¢ exons (low in H3K36me3), the difference in deletion frequencies between Mlh1 -/and 228 Mlh1 +/+ was smaller, yet significant (p = 0.016, Fig. 5E , Table S1 ). Mlh1 +/+ cells also had 229 somewhat increased deletion frequencies in the 3¢ exons compared to 5¢ exons (p = 0.020, 230 Table S1 ). Sequencing coverage was similar between samples with or without 231 mutations in the analyzed exons, except in the 5¢ exons in RNApol2 + regions in Mlh1 +/+ 232 cells (p = 0.04, Fig. S5 ). Taken together, these results suggest that 3¢ exons in 233 transcriptionally active genes are more prone to acquiring mutations compared to 5¢ 234 exons, and that this effect is tempered by H3K36me3-guided MMR. No difference was 235 observed in the deletion frequencies between Mlh1 +/+ and Mlh1 -/cells in the RNApol2 -236 genes in 5¢ exons (p = 0.539) or 3¢ exons (p = 0.296, Fig. 5F , Table S1 ). Mlh1 -/cells, 237 however, showed a small difference between deletion frequencies in 5' exons and 3' 238 exons (p = 0.049, Fig. 5F , Table S1 ). H3K36me3exons in RNApol2genes accumulated 239 mutations in similar frequencies in both Mlh1 +/+ and Mlh1 -/cells. We interpret this to mean 240 that the MMR machinery does not operate efficiently in these regions even in wildtype 241 cells. RNApol2 + , but not RNApol2genes showed genotype-dependent spatial variability in 242 deletion frequencies, thus transcriptional activity appears to affect accumulation and/or 243 repair of replication errors. 244
Fig. 5E,
245
DISCUSSION 246
Using single-cell exome sequencing of mouse thymic T cells, we uncovered how the 247 exome-wide mutational landscape is shaped in vivo by replication errors and by MMR-248 mediated error correction. We further provide evidence for transcription-associated 249 replication errors and H3K36me3-guided MMR at 3¢ exons of genes. 250
251
We show that scWES is a sensitive approach for unraveling signatures of replication errors 252 and MMR activity. This is highlighted by the fact that we detected a substantial increase of 253 deletions in Mlh1 -/-T cells, and found evidence of insertional bias in Mlh1 +/+ T cells. 254
DNA polymerases tend to create more deletions than insertions, especially in 255 repeat sequences (30-35). In the absence of MMR (which is the situation in Mlh1 -/cells), 256 one would expect to directly detect replication errors. Indeed, we observed a significant 257 increase of small deletions in Mlh1 -/cells compared to Mlh1 +/+ cells, as expected given the 258 deletion bias of DNA polymerases. Taken together, we conclude that deletions reliably 259 report of the replication errors that would otherwise be repaired by MMR. 260
In addition, we found that Mlh1 +/+ cells had more insertions than deletions. Increase 261 in 1-nt insertions rather than deletions in Mlh1 +/+ cells has also been observed at unstable 262 microsatellite loci in other MMR-proficient normal mouse tissues (36). Our findings are in 263 line with the previously reported bias for MMR to correct deletions more efficiently than 264 insertions, thereby creating an insertional bias at microsatellites (37). Two female Mlh1 -/-(13) and two of their Mlh1 +/+ female littermates, age 12 weeks, were 320 used for the single-cell whole exome sequencing study. 321
Enrichment of thymic T cells 323
Mice were euthanized by carbon dioxide inhalation, followed by cervical dislocation. Thymi 324 were collected in ice-cold DMEM (Gibco cat: 11960-044) and visually inspected for any 325 macroscopic anomalies. Whole thymi were homogenized for an enrichment of naïve T 326 cells using a commercially available kit according to manufacturer's instructions 327 (Invitrogen, cat:11413D). 328 329
Single-cell capture and whole genome amplification 330
Enriched T cells were prepared for single-cell capture and whole-genome amplification in 331 Reads were re-aligned around indels using GATK (3.8-0-ge9d806836) (43), followed by 362 removal of reads with low mapping quality (MQ < 40) using SAMtools. Sequencing metrics 363 (average depth and coverage) were calculated using SAMtools, BEDtools (2.26.0) (44) 364 and R (3.5.0). Samples that had coverage less than 50% at depth ≥1X were excluded from 365 subsequent analyses (Fig. S1B) . 366 367
Variant calling and filtering 368
Variants within the exome capture region + 100 bp interval padding were called using 369 GATK HaplotypeCaller in -ERC GVCF mode, followed by joint calling with 370
GenotypeGVCFs. Samples (single-cell and bulk DNA) from the same genotype (Mlh1 +/+ or 371 OlaHsd strain were excluded from all subsequent analyses (mice with disrupted Mlh1 were 383 originally created using 129/Ola derived embryonic stem cells that were injected to 384 C57BL/6 mice (13)). Filtering was done using GATK VariantFiltration, Picard FilterVcf, and 385 R package VariantAnnotation (1.26.1) (47). 386 387
High confidence bulk indel and SNV training set construction 388
High confidence bulk DNA SNV and indel training sets for variant score recalibration were 389 constructed from the raw variants discovered in bulk DNA samples (both Mlh1 +/+ and Mlh1 -390 /-) by including the variants that passed the following filters: ReadPosRankSum > -1.9, QD 391 > 5.0, SOR > 1.5 for indels and SNVs, and for SNVs only: MQRankSum > -1.9. Variants 392 that did not have a genotype (= insufficient sequencing coverage) across all bulk samples 393 (n=3/genotype) were removed from the reference bulk set. 394 395
Mutation annotation 396
Mutations were annotated (gene, genic location, mutation consequence) using R package 397
VariantAnnotation function locateVariants with AllVariants option and predictCoding. The 398 UCSC KnownGene track from TxDb.Mmusculus.UCSC.mm10.knownGene (3.4.0) was 399 used as the gene model. We considered mutations that fall within CDS regions to be 400 exonic, and those that fall within 5¢ untranslated region (UTR), 3¢ UTR, splice site, intron or 401 promoter to be non-coding. For analysis of exonic and non-coding indels (Fig. 4A-C and  402   Fig. 5C-D) , we included mutations in genes with only one transcript to avoid having 403 multiple locations within one gene for one mutation. In the mutation hotspot analysis (Fig.  404   2E) , all possible transcript variants were analyzed. 405
406
Regions with transcriptional activity and enriched with H3K36me3 in mouse exome 407
RNApol2 (ENCFF119XEH) and H3K36me3 (ENCFF853BYO) ChIP-seq peak coordinates 408 for mouse thymus were downloaded as BED files from ENCODE (27, 28). We used UCSC 409 knownGene track to define the genomic coordinates of genes. Genes that overlapped or 410 were within 100 bp of the ChIP-seq peak coordinates were defined positive for that 411 feature. Genes positive for H3K36me3 or RNApol2 peaks were defined separately. trinucleotide repeats were detected from the FASTA file in separate runs using motif sizes 428 1, 2, and 3, no partial motifs allowed, and minimum repeat unit counts were 4 (minimum 429 length 4 bp) in mononucleotide repeat detection and 3 in dinucleotide (minimum length 6 430 bp) and trinucleotide (minimum length 9 bp) repeat detections. Non-microsatellite 431 associated regions were defined as those that were not defined as mono-, di-nor 432 trinucleotide repeats. 433 434
Microsatellite associated indels in single-cells 435
Sequence 100 bp up-and downstream of detected indel start coordinates were extracted 436 from the mouse reference genome mm10 (BSgenome.Mmusculus.UCSC.mm10) in 437 FASTA format and analyzed for mono-, di-and trinucleotide repeats as described above. 438
Indels were marked microsatellite-associated if the indel start coordinate and microsatellite 439 start coordinate were the same. Indels found not to be within mono-, di-or trinucleotide 440 repeat were labelled as non-microsatellite associated (random) indels. 441 442
Mutation frequencies in single T cells 443
Global indel and SNV frequencies in the variant call region were calculated for each 444 single-cell and reported as mutations/base. Mutation frequency was calculated as: frq = 445 n/(cov*2), where n is the number of mutations, cov is the number of high-quality base pairs 446 (MQ > 40, DP > 6). Similarly, frequencies in different genomic regions (exonic, non-coding, 447 microsatellites, 3¢ exons, 5¢ exons) were calculated by first counting the number of 448 mutations in each region and dividing it by the coverage of that particular region. To analyze mutation frequencies and H3K36me3 signal in 5¢ exons (1 st to 2 nd exons) and 472 3¢ exons (3 rd to last exons), we took UCSC knownGene transcripts, excluded genes that 473 overlap each other, and collapsed transcripts gene-wise to create one exon-intron-474 structure for each gene. 100 bp padding was added to each exon. Only genes with 4 or 475 more exons were considered and exons 1-2 were marked as 5¢ exons ad exons 3-last 476 were marked as 3¢ exons. Genes that were in or within 100 bp of RNApol2 peak All mutation frequencies are reported as median (mdn) and interquartile range (iqr) ( Table  493 S1) and tested using two-tailed Mann-Whitney U test (wilcox.test). P-values for mutation 494 counts (indels and SNVs ( Fig. 2A) , 1-nt indels in Mlh1 +/+ and Mlh1 -/cells (Fig. 3A) , 495 mutations in exonic vs non-coding regions in active and silent genes ( Fig. 5C-D) Two-tailed Mann-Whitney U-test). 596
